Summary Isoprene emissions were studied in one-year old sweetgum (Liquidambar styraciflua L.) seedlings during nine drying--rewatering cycles extending over five months. Each drying cycle lasted to the point of leaf wilting. Growth was essentially stopped in response to the first drying cycle, though seedling survival and capacity to recover turgor on rewatering remained high throughout the entire nine cycles. Photosynthetic rates of leaves were inhibited by the drying treatments. Under severe drought, isoprene emission rates of leaves were also inhibited, though isoprene emission was generally less sensitive to drought than photosynthesis. The lower drought sensitivity of isoprene emission compared with photosynthesis resulted in a higher percentage of fixed carbon lost as isoprene as seedlings became more stressed. During the recovery phase of the drying--rewatering cycles, isoprene emission rates in several seedlings were higher than in well-watered control seedlings. Following the ninth drying--rewatering cycle, sustained daily watering resulted in recovery of isoprene emission rates to control values within four days. Photosynthetic rates only recovered to 50% of control values after seven days. We conclude that the mechanisms regulating photosynthetic rate and isoprene emission rate are differentially influenced by limited water supplies. The results are consistent with past studies that predict a protective role for isoprene emission during stress, particularly protection from excessive leaf temperatures during drought.
Introduction
Sweetgum (Liquidambar styraciflua L.) is a widely distributed hardwood species in the southeastern United States where water often limits tree growth (Bormann 1953) . It has been reported that this species emits both isoprene (2-methyl 1,3-butadiene) and monoterpenes (Rasmussen 1972 , Evans et al. 1982 , two hydrocarbons that influence the oxidative capacity and chemistry of the continental troposphere (Zimmerman et al. 1978) . In rural and native forested areas, isoprene contributes to the formation of blue haze (Went 1960) and organic acid deposition (Jacob and Wofsy 1988) . In urban areas, the oxidation of isoprene in the presence of NO x can lead to the formation of tropospheric ozone, a toxic pollutant and greenhouse gas (Trainer et al. 1987 , Chameides et al. 1988 .
The advantage, if any, of isoprene emission to plant function is unclear. Isoprene is synthesized from acetyl-CoA through the mevalonic acid pathway in plants (Sharkey et al. 1991) . Controls over isoprene emission include (1) an apparent linkage to photosynthetic processes (Sanadze and Kursanov 1966 , Jones and Rasmussen 1975 , Tingey et al. 1981 , Monson and Fall 1989 , Loreto and Sharkey 1990 , Delwiche and Sharkey 1993 , (2) developmental and seasonal controls by the enzyme isoprene synthase , Kuzma and Fall 1993 ), and (3) possible control by leaf carbon balance (e.g., the amount of carbon substrate available for isoprene biosynthesis) . Recent studies by Sharkey and Loreto (1993) and Sharkey and Singsass (1995) have suggested that isoprene emission serves a protective role for plants under stress. According to this hypothesis, isoprene is a membrane-soluble compound capable of quenching photooxidative products of photosynthesis or protecting membranes from detrimental phase changes at high temperature, or both. Tingey et al. (1981) found that isoprene emission from live oak (Quercus virginiana Mill.) was not inhibited during shortterm drought (four days), despite substantial reductions in photosynthetic rate. Similarly, withholding water from kudzu (Pueraria lobata (Willd.) Ohwi) leaves for six days caused large declines in photosynthetic rate, whereas isoprene emission rate was only slightly reduced . We have extended these studies by using a different tree species and focusing on long-term drought applied over several drying and re-wetting cycles to determine the relative responses of isoprene emission rate and photosynthetic rate in a more ecological context. We also assessed (1) the importance of forest isoprene emissions to local atmospheric chemistry during seasonal droughts, and (2) whether isoprene emission patterns during extended droughts are consistent with its proposed role as a thermoprotective agent.
Materials and methods

Plant material and experimental design
One-year-old, dormant sweetgum (Liquidambar styraciflua L.) seedlings were obtained from the North Carolina Forest Service Nursery at Morgenton, NC, in January 1994. Forty-eight seedlings were transplanted to 15-liter plastic pots (20 cm wide × 60 cm tall) containing a 2/2/2/1 (v/v) mix of sand, peat, vermiculite, and perlite. Plants were grown in a greenhouse at the University of Colorado, Boulder. Average midday photosynthetic photon flux density (PPFD) was 1000--1200 µmol m −2 s −1 (400--700 nm) and relative humidity was maintained between 30 and 60%. Average midday temperature was 26 °C (average daytime maximum and nighttime minimum temperatures were 32 and 17 °C, respectively. Nighttime minimum temperature was maintained above 15 °C. Two experiments were conducted. In Experiment 1, previously non-stressed plants were subjected to nine successive drying--rewatering cycles beginning on March 28 and ending on August 4. Photosynthetic and isoprene emission rates were measured at 2-to 3-day intervals during Cycles 4 and 7. Throughout the experiment, control plants were watered at 2-to 3-day intervals depending on weather conditions. In Experiment 2, which was conducted during the final 3 weeks of Experiment 1, previously non-stressed plants were subjected to three successive drying--rewatering cycles in the middle of summer, beginning on July 11. The control plants in Experiment 2 were watered at 2-to 3-day intervals depending on weather conditions. In Experiment 2, both stressed and control seedlings were measured at 2-to 3-day intervals throughout each of the three cycles. In both experiments, the length of each drying cycle was determined as the time for stressed plants to reach a point where at least half the leaves exhibited obvious wilting. This time ranged from 6 to 22 days, depending on both the greenhouse environment and the number of drying cycles that plants had previously experienced. All seedlings were fertilized with solid, slow-release fertilizer (N/P/K=14,14,14) on May 23 and July 17.
Growth measurements
Shoot elongation (new growth), basal diameter, and number of leaves per seedling were monitored at monthly intervals during the nine cycles of Experiment 1 and every 2 weeks during the three cycles of Experiment 2. Newly emergent leaves were labeled with hanging tags when growth measurements were made in order to follow the age of individual leaves. At the end of the experiment, seedlings were harvested, oven dried at 60 to 70 °C to constant weight, and the biomass of different plant components determined. The biomass of leaves that had died during the experiments, as well as the leaves removed after photosynthesis and isoprene emission measurements, were added to the harvested biomass to determine the total biomass of each seedling.
Photosynthetic gas exchange and isoprene emission measurements
We used the gas exchange and isoprene measurement system described by Monson and Fall (1989) and Hills et al. (1992) , with some minor modifications. Gas chromatography was conducted with a Hewlett-Packard gas chromatograph (Model 5890 Series II, Hewlett-Packard) equipped with a flame ionization detector, and modified for vacuum inlet collection and cryogenic enrichment of isoprene samples as described by Hills et al. (1992) . Modifications to the gas collection procedure were: (1) after each injection of sample gas from the leaf chamber, a stream of pressurized helium was used to back flush the sample loop to minimize contamination between measurements, (2) a temperature program from −25 to 25 °C was used to separate isoprene, and (3) between sample injections, a known isoprene standard (mixed with helium) was used to derive the peak area of a fixed sample volume. Under these conditions, the isoprene retention time was 5.6 min. There was little detectable isoprene accumulation in the Teflon tubing, sampling, or injection systems (< 0.5%) following an 8-h series of measurements.
All photosynthesis and isoprene emission measurements were made at a leaf temperature of 30 ± 0.3 °C and an incident PPFD of 1000 ± 50 µmol m −2 s −1
. Each measurement of isoprene emission rate and photosynthetic rate was made on one leaf per seedling, though the same seedlings were monitored on successive days during a particular drying cycle. After each cycle, seedlings that had been subjected to measurement were discarded, and a new set of seedlings that had been treated in parallel were used for the subsequent cycles. All measured leaves were mature, fully expanded, sun-developed leaves on the same position of the crown. In the plants exposed to drought treatments, new leaf emergence was slowed considerably, beginning with the first drying cycle. Thus, to obtain similar leaf ages for control and stressed seedlings, we conducted measurements on progressively older leaves of both control and stressed seedlings as the drying--rewatering cycles progressed.
Results
Effects of soil drying on growth
During the nine consecutive drying cycles of Experiment 1, average total biomass of the stressed seedlings decreased to approximately 75% of that of control, well-watered seedlings (Table 1) . Total biomass of the stressed seedlings decreased to 36% of that of control seedlings during the three consecutive drying cycles of Experiment 2. In seedlings exposed to the nine drying cycles of Experiment 1, shoot/root biomass ratios were 1.14 compared to 1.72 for control seedlings. This reflects adjustments in biomass allocation patterns to favor root tissues at the expense of shoot tissues, in response to the drying treatments. In Experiment 1, average leaf area per seedling decreased 4-fold in stressed seedlings relative to control seedlings (Table 1) . New leaf production and shoot elongation ceased completely following the first drying cycle of Experi-ment 1 (Figure 1 ). Although basal diameter growth was less sensitive to soil drying than new leaf production and shoot elongation, it was significantly reduced by the drying cycles (Figure 1) .
Leaf predawn xylem water potential, which was monitored during the fourth drying cycle of Experiment 1, was, on average, 0.5 MPa lower in the stressed seedlings than in the control seedlings. Most of the decline in water potential occurred during the first two days of the drying cycle (data not shown).
Effects of soil drying on photosynthetic rate and isoprene emission rate
In both Experiments 1 and 2, drought strongly decreased net photosynthetic rate (Figures 2 and 3) . Drying to the point of wilting in the fourth and sixth drying cycles in Experiment 1, decreased photosynthetic rates almost to zero (Figure 2 ). Stomatal conductance generally decreased in parallel with photosynthetic rate during all drying cycles (data not shown). In Experiment 2, photosynthetic rate of stressed seedlings decreased from 13 µmol m −2 s −1 to almost 0 during the first drying cycle (Figure 3 ). After rewatering, photosynthetic rate recovered to 40% of the pre-stressed value, before declining again in response to the second drying cycle. Photosynthetic rates of control seedlings were relatively constant throughout Experiment 2. In Experiment 1, isoprene emission rate for stressed seedlings was not significantly depressed during the fourth cycle, but was slightly depressed during the sixth cycle, compared to that for control seedlings (Figure 2 ). There was some evidence of a stimulation in isoprene emission rate shortly after rewatering during the fourth cycle, but not during the sixth cycle. In Experiment 2, isoprene emission rates declined over time for both control and droughted seedlings, though by the end of each cycle, isoprene emission rate was lowest for the droughted seedlings (Figure 3) . In Cycle 2 of Experiment 2, isoprene emission from stressed seedlings recovered after rewatering, exceeding the rate of control seedlings in the middle of the cycle, and then decreasing toward the end of the cycle. After rewatering at the end of Cycle 2, the isoprene emission rate of the previously stressed seedlings increased to a rate 2-fold higher than that of control seedlings, and then decreased to a rate less than that of control seedlings. The amount of carbon lost as isoprene increased from 2% of the CO 2 assimilation rate in control seedlings to 40--60% of the CO 2 assimilation rate during the drought treatments.
At the end of the ninth drying cycle in Experiment 1, 10.2 ± 0.4 17.0 ± 0.5 23.4 ± 0.6 51.1 ± 1.0 1.14 0.21 ± 0.01 Drought (Expt. 2, n = 10) 29.8 ± 1.8 46.7 ± 2.8 45.4 ± 3.9 121.9 ± 7.6 1.69 0.66 ± 0.03 1 Differences among all treatments were significant (P < 0.01). All values are means ± SE; there were no significant differences for any biomass or leaf area measurements prior to establishing the drought or control treatments. stressed seedlings were watered on a daily basis to monitor recovery of the photosynthetic rate and isoprene emission rate (Figure 4) . After seven days of recovery, photosynthetic rate had only recovered to 50% of that of the controls, whereas isoprene emission rate had fully recovered within four days.
Discussion
Sweetgum seedlings exhibited a high capacity for tolerating chronic drought. After nine drying cycles, each progressing to the point of wilting, survival of sweetgum seedlings remained high (95%) and plants continued to regain turgor on rewatering. Although drought tolerance and the capacity to recover from drought remained high, growth essentially ceased during the first drying cycle and did not resume for the rest of the drying--rewatering cycles (Figure 1 ). This tendency to cease growth may contribute to sweetgum's capacity to reduce its water use and tolerate extended dry periods. Pezeshki and Chambers (1986) observed that sweetgum seedlings exhibited ''effective and rapid stomatal closure resulting in avoidance of leaf desiccation'' during exposures to artificially induced drying cycles. Sweetgum is known to inhabit a variety of dry sites in the southeastern United States, and is often exposed to severe droughts during the growing season (Bormann 1953 , Dixon et al. 1965 . Isoprene emission rate was substantially less sensitive to drought than photosynthetic rate (Figures 2 and 3) . Similar findings have been obtained from studies of the effects of short-term acute drying on photosynthesis and isoprene emission (Tingey et al. 1982, Sharkey and . Our results extend these findings to plants exposed to numerous drought cycles lasting over several months.
Several studies have provided evidence for metabolic links between photosynthesis and isoprene biosynthesis (Rasmussen and Jones 1972 , Monson and Fall 1989 , Loreto and Sharkey 1990 . However, other studies have provided evidence that these two processes respond independently to changes in several environmental conditions and developmental states (Grinspoon et al. 1991 , Kuzma and Fall 1993 . Our findings support the latter view. The cause of the differential responses of photosynthetic rate and isoprene emission rate to drought was not established. The two processes could differ in their responses to stomatal closure. Photosynthetic responses to drought in L. styraciflua are dominated by stomatal limitations (Pezeshki and Chambers 1986) , whereas isoprene emission rate is independent of stomatal dynamics . Alternatively, unlike photosynthesis, isoprene biosynthesis may be unaffected by declining plant water potential.
The maintenance of high rates of isoprene biosynthesis during drought may reflect a protective role for this process as has been suggested by Sharkey and coworkers Singsass 1995) . Leaf temperatures are often excessively high during drought when transpirational cooling is reduced. Sharkey and Singsass (1995) have recently shown that isoprene can protect membrane-bound photosynthetic reactions from high-temperature stress. The observation that isoprene emission rates remain high, even during extended drought, indicates that the capacity for isoprene biosynthesis is retained during those times when leaf temperatures are likely to reach their maximum.
The persistence of isoprene emissions during prolonged droughts could have important implications for the contribution of biogenic hydrocarbon emissions to urban tropospheric O 3 formation (Monson et al. 1995) . Chameides et al. (1988) showed that biogenic isoprene emissions contribute up to 40% of the elevated O 3 concentrations in urban Atlanta. The time of greatest likelihood for prolonged drought in the southeastern United States is during the hot, late summer months. This is when climatic conditions favor the formation of stagnant air masses that accumulate photochemically generated O 3 . Isoprene emissions during this time would create a substantial hydrocarbon stock available for reaction with hydroxyl radical in the presence of NO x , contributing to high O 3 episodes. Figure 4 . Recovery of mean rates of net photosynthesis and isoprene emission after continuous rewatering. All measurements were made following the 9th drying cycle of Experiment 1. Error bars represent one standard error of the mean (n = 4).
